INTRODUCTION
============

The endothelial monolayer is a continuous thin layer of endothelial cells that lines the interior surface of blood and lymphatic vessels. The endothelium is the interface between the blood or lymph and the interstitial tissue spaces, and the endothelial monolayer functions as an active and regulated barrier ([@B3]). The endothelial barrier plays crucial roles in multiple biological processes, including vascular tone, thrombosis/thrombolysis, cell adhesion, and passage of small molecules and cells. To perform these diverse roles, maintenance and regulation of the barrier structure and monolayer integrity are crucial ([@B47]; [@B31]; [@B11]). In some settings, such as liver sinusoids, the barrier is quite permeable, with spaces called fenestrae between the endothelial cells ([@B27]; [@B39]). In other settings, notably the brain, the barrier is relatively tight, and endothelial cells form a robust monolayer with strong cell--cell junctions. In the setting of inflammation, the integrity of the monolayer can be regulated to allow cells and molecules to move between the blood and the interstitial space ([@B37]; [@B1]).

The integrity of the endothelial monolayer depends on endothelial cell--cell junctions, which include adherens junctions and tight junctions ([@B4]; [@B12]; [@B28]). Vascular endothelial cadherin (VE-cadherin) is a prominent adhesive component of endothelial adherens junctions, and endothelial tight junctions include adhesion molecules such as ZO-1, claudins, occludin, junctional adhesion molecules, and the nectin--afadin system. The cell junctions are supported in the cytoplasm by elements of the cytoskeleton associated with the plasma membrane, notably actin filaments (F-actin) ([@B21]).

The actin cytoskeleton and its regulatory proteins play important roles in the function of endothelial cell monolayers; they control the assembly and stability of cell--cell junctions ([@B34]; [@B41]; [@B19]). The formation of VE-cadherin--based cell junctions between endothelial cells is promoted by actin-based lamellipodia termed "junction-associated intermittent lamellipodia" ([@B2]), including during angiogenesis ([@B10]). Branched actin networks appear to push membranes of adjacent cells toward each other to promote VE-cadherin interactions ([@B16]).

Septins are another important element of the membrane-associated cytoskeleton ([@B44]; [@B7]; [@B48]). Septin family proteins form homo- and hetero-oligomers in vitro and in vivo ([@B7]; [@B48]), and those oligomers associate directly with lipid membranes and assemble into filaments ([@B9]). The membrane-associated filaments form ring- and gauze-shaped higher-order arrays in cells and in vitro ([@B40]; [@B36]; [@B5]). Filaments form preferentially in areas of positive membrane curvature ([@B7]; [@B8]; [@B25]), providing interactive feedback between cell shape and the cytoskeleton.

Discovered as important for cell division in budding yeast ([@B20]; [@B36]), septins are distributed widely across different types of eukaryotic cells. Their diverse functions in mammalian systems, which include mitochondrial fission ([@B38]) and endomembrane fusion ([@B14]), have been active areas of study ([@B46]; [@B13]; [@B18]). Septins interact with elements of the actin and microtubule cytoskeleton to control and coordinate cell shape and movement in a variety of cell settings ([@B24]; [@B45]; [@B43]; [@B22]; [@B30]; [@B6]).

Our ongoing studies of transendothelial migration led us to investigate the roles for septins at endothelial cell--cell junctions. In earlier work, we found that actin assembly, controlled by regulators of Arp2/3 complex, was important for the assembly and dynamics of endothelial cell junctions ([@B34]). Here we investigated potential roles for septins in endothelial monolayers. We report that septins associate with regions of the plasma membrane with positive curvature and that septins are important for proper assembly of VE-cadherin--based junctions and for the barrier function of the endothelial monolayer.

RESULTS
=======

Cell--cell junctions of the endothelial monolayer: surface views
----------------------------------------------------------------

To understand how septins might contribute to endothelial cell--cell junctions and the integrity of endothelial monolayers, we began by examining the morphology of cell junctions in a cell culture system---monolayers of primary human dermal microvascular endothelial cells (HDMVECs). Examining the dorsal surface of HDMVEC monolayers with surface scanning electron microscopy, we found the cells to be large and flat, forming a continuous monolayer ([Figure 1](#F1){ref-type="fig"}). Boundaries between cells in the monolayer were predominantly straight and smooth, extending over appreciable distances. In a number of places, membrane ruffles were observed at cell edges; and in other places, protrusions were observed, with one cell extending over the top of a neighboring cell.

![Surface views of cell junctions of human microvascular endothelial monolayers by scanning electron microscopy. (A) Low-magnification image of cell junctions between several cells. Scale bar, 5 µm. (B, C) Higher-magnification images of cell junctions. In many locations, the membranes at cell junctions are linear and smooth; in some cases, one cell protrudes over a neighbor. Some cell membranes show ruffles at the boundary. Scale bar = 5 µm.](mbc-29-1693-g001){#F1}

Septins at endothelial cell borders: positive curvature
-------------------------------------------------------

To investigate potential roles for septins as elements of the membrane cytoskeleton in endothelial monolayers, we localized septin 2 in our preparations. We performed multicolor imaging of HDMVEC monolayers stained with antibodies against septin 2 and VE-cadherin, along with fluorescent phalloidin to visualize F-actin. Septin 2 was found near cell--cell junctions, as defined by the presence of VE-cadherin. High-magnification views revealed that septin 2 did not colocalize completely and precisely with VE-cadherin or with F-actin ([Figure 2](#F2){ref-type="fig"}); distinct differences were apparent. Similar results were obtained for endothelial monolayers derived from primary microvascular endothelial cells derived from human brain (Supplemental Figure 1).

![Localization of septin 2, VE-cadherin, and F-actin at cell junctions of endothelial monolayers. Immunofluorescence staining of endogenous septin 2 (green) and VE-cadherin (red), combined with fluorescent phalloidin staining for F-actin (magenta). Top row: scale bar = 50 µm. Middle and bottom rows are higher magnification images of the boxed regions 1 and 2, respectively. In these two-dimensional projections, septin 2, VE-cadherin and F-actin localize near each other at cell junctions but with distinct differences.](mbc-29-1693-g002){#F2}

To understand the organization of septin 2 in more detail, we examined the fluorescent stained samples with superresolution microscopy, using a structured illumination system (Nikon N-SIM). Septin 2 appeared in curved and scallop-shaped structures at the junctions, in the region of VE-cadherin and F-actin ([Figure 3](#F3){ref-type="fig"}). The presence of these curved structures was confirmed by scanning confocal microscopy (Nikon A1R; Supplemental Figure 2). Septins are known to interact directly with lipid membranes with positive curvature ([@B8]).

![Scallop-shaped and curved structures of septin 2 at cell junctions of endothelial monolayers. Endogenous septin 2 (green), VE-cadherin (red), and F-actin (magenta) revealed by antibody and fluorescent phalloidin staining. Septin 2 appears in curved scallop shapes, resolved more clearly in higher magnification images of the boxed region. Images are two-dimensional projections of Z-stacks of scanning confocal image planes. Scale bar = 5 µm.](mbc-29-1693-g003){#F3}

In these samples, stained for endogenous septin 2, one cannot determine whether the membrane curvature is positive or negative because the images visualized endogenous septin 2 from adjacent cells. To determine which cell showed curved septin 2 staining and whether the curvature was negative or positive, we expressed septin 2 tagged with a fluorescent protein. Sets of HDMVECs were infected with lentivirus expressing either septin 2-GFP or septin 2-tdTomato separately, and the cells were combined and cocultured with each other and with uninfected cells. At boundaries of septin 2-GFP cells with septin 2-tdTomato cells, and at boundaries of fluorescent cells with nonfluorescent cells, the images revealed that membrane-associated septin 2 was associated with regions of positive curvature in the plasma membrane of the cell expressing the tagged septin 2 ([Figure 4](#F4){ref-type="fig"}). The images revealed more curved septin 2 formations in regions where cell protrusions were present, relative to regions at rest, suggesting that septin 2 assembly and membrane protrusion are in concert.

![Septin 2 in curved structures at membranes with positive curvature. Cell junctions between three neighboring cells are shown. Cell 1 expresses septin 2-GFP, Cell 2 expresses septin 2-tdTomato, and Cell 3 expresses no fluorescent protein. The fluorescence patterns in Cells 2 and 3 reveal that septin 2 is present at regions of the cell edge with positive curvature. Two-dimensional projections of Z-stacks of scanning confocal images. Scale bar = 5 µm.](mbc-29-1693-g004){#F4}

To look for association of septin 2 with regions of membrane protrusion, we coinfected cells with lentivirus expressing septin 2-tdTomato and VE-cadherin-GFP. VE-cadherin-GFP served as a general marker for the plasma membrane, because VE-cadherin is distributed continuously over the entire plasma membrane, in addition to its prominent accumulation at cell junctions. These cells were mixed with uninfected cells to form a monolayer. Septin 2-tdTomato was concentrated in curved structures near the base and along the sides of membrane protrusions ([Figure 5](#F5){ref-type="fig"}). At nonprotruding resting regions of membranes, fluorescent septin 2 was present as linear elements associated with the membrane, but it was not concentrated in those regions ([Figure 5](#F5){ref-type="fig"}).

![Septin 2 in curved structures at membranes with positive curvature. Cell 1 simultaneously expresses septin 2-tdTomato and VE-cadherin-GFP, adjacent to Cell 2, which does not express any fluorescent protein. VE-cadherin-GFP serves as a marker for the plasma membrane. Distribution of septin 2-tdTomato shows that septin 2 is enriched at regions of positive curvature at the base and along the sides of membrane protrusions. The top panel is a low-magnification view. The bottom panels show higher-magnification views of the boxed regions. Scale bar = 5 µm.](mbc-29-1693-g005){#F5}

Analysis of associated septins
------------------------------

Septin family members assemble into heteromeric oligomers and filaments in vitro and in vivo ([@B17]; [@B48]). We investigated whether other septin family members were associated with septin 2 at cell junctions in HDMVEC monolayers. Septin 2 is often found associated with septin 7 or septin 9 in vertebrate systems. We found that septins 7 and 9 were expressed and localized to cell junctions of HDMVEC monolayers, by immunofluorescence, in a distribution similar to that of septin 2 (Supplemental Figure 3). Septins 7 and 9 appeared in scallop-shaped and curved structures in association with the plasma membrane, as seen for septin 2, and those structures did not colocalize with VE-cadherin or F-actin. We did not observe expression of septins 6, 8, or 11 in our HDMVEC preparations, based on immunofluorescence. In other studies, septin 6 has been associated with septin 2 and septin 7; however, noncanonical sets of hetero-oligomers have been described ([@B48]). The negative result here with septin 6 may reflect a feature of human endothelial cells, or it may result from a technical issue, such as antibody reactivity.

Septins in complexes often depend on one other for stability. We found that suppression of septin 2 led to depletion of septins 7 and 9, based on immunofluorescence of cell junctions of endothelial monolayers (Supplemental Figure 4A). Immunoblot analysis also revealed that the levels of septin 7 and 9 depended on the level of septin 2 (Supplemental Figure 4B).

Quantitation of positive curvature
----------------------------------

The amount of positive curvature displayed by septins associating with membranes has been measured in vitro with purified proteins and in vivo in fungal cells ([@B8]). Septins associating with lipid-coated beads showed a peak of association at a curvature of 2 µm^--1^, with values extending from 0.31 to 6.67 µm^--1^. We measured the radius of curved septin structure in our cells. The distribution was non-Gaussian, with a median of 2.2 µm^--1^ (Supplemental Figure 5). Values ranged from a minimum of 0.9 µm^--1^ to a maximum of 4.3 µm^--1^, for 69 measurements from nine cells. Thus, these values for positive curvature in our cells are similar to those with purified components in vitro*.*

Localization of septin 2 and VE-cadherin in the *z*-axis
--------------------------------------------------------

Septin 2 and VE-cadherin were both localized at cell junctions, but not in exactly the same locations. Septin 2 formed curved structures, while VE-cadherin formed straight linear structures. Both septin 2 and VE-cadherin are known to associate directly with plasma membranes. We hypothesized that the curved structures of septin 2 might be associated with protrusions of one cell above or below its neighbor, while VE-cadherin accumulated at more stable membrane-associated junctions, as illustrated in [Figure 6A](#F6){ref-type="fig"}. Using structured illumination, we collected series of *x--y* planes of fluorescence staining of endogenous septin 2 and VE-cadherin from the bottom to the top of the specimen ([Figure 6B](#F6){ref-type="fig"}). In some cases, septin 2 and VE-cadherin came into focus in different focal planes. Two examples are shown in [Figure 6B](#F6){ref-type="fig"}, in the top and middle sets of panels of image. In these two cases, septin 2 appears in focus in early frames, near the bottom of the specimen, while VE-cadherin is in focus in later frames, near the top of the specimen. In these cases, one can envision that septin 2 is associated with membrane protrusions of one cell that lie underneath the neighboring cell. In other cases, especially where the specimen was thin, the *z*-axis resolution was not sufficient to distinguish septin 2 from VE-cadherin.

![Localization of septin 2 and VE-cadherin at *z*-axis planes of cell junctions. (A) Diagrams illustrating possible *z*-axis locations for septin 2 (green) and VE-cadherin (red) at cell junctions. (B) *z*-Axis series of *x*--*y* focal planes of immunofluorescence staining for endogenous septin 2 (green) and VE-cadherin (red). In the first example, in the top two rows of images, septin 2 curved regions are in focus from frames 1 to 7 but fall out of focus from 8 to 12. In contrast, VE-cadherin appears in focus in frames 7 to 12. In the second example, septin 2 is in focus from frames 1 to 6, with VE-cadherin in focus from frames 4 to 9. In the third example, unlike the first two, septin 2 and VE-cadherin appear in focus in the same frames; this specimen is very thin, compared with the first two.](mbc-29-1693-g006){#F6}

To understand the three-dimensional architecture of the cells in the endothelial monolayers, we examined thin sections of monolayers by transmission electron microscopy ([Figure 7](#F7){ref-type="fig"}). Indeed, cells were quite thin, 100--200 nm in height. At cell--cell junctions, one cell was often on top of or below its neighboring cells. Some cases of ruffles were observed ([Figure 7, A and B](#F7){ref-type="fig"}). In some cases, adjacent cells appeared to be pushing against one another ([Figure 7C](#F7){ref-type="fig"}) and attempting to protrude above or below each other.

![Transmission electron micrographs of sagittal thin sections of cell junctions of an endothelial monolayer. Thin membrane protrusions from neighboring cells extend toward each other cell and overlap to different extents. Scale bar = 1 µm for A and B and 500 nm for C.](mbc-29-1693-g007){#F7}

Functional role of septin 2 in endothelial monolayer integrity
--------------------------------------------------------------

To determine the functional roles of septin 2 in endothelial cell monolayers, we suppressed expression of septin 2 by infecting cells with lentiviruses carrying plasmids expressing short hairpin RNA (shRNA) targeting septin 2. Two shRNA oligonucleotides decreased the level of septin 2 by up to 96% ([Figure 8A](#F8){ref-type="fig"}).

![Septin 2 suppression alters VE-cadherin arrangement at cell junctions and the level of VE-cadherin expression. (A) Decreased septin 2 expression in endothelial cells (HDMVECs) expressing shRNAs targeting septin 2. Immunoblot of whole-cell lysates probed with anti-septin 2 and anti-GAPDH as a control. Two different shRNA sequences targeting septin 2 decrease expression. (B) Immuno­fluorescence staining for endogenous septin 2, VE-cadherin, and F-actin. Control endothelial cells in the top panels, expressing a control shRNA, show intact junctional localization of septin 2, VE-cadherin, and F-actin. Cells expressing shRNA targeting septin 2, in the bottom panels, show decreased intensity of anti-septin 2 staining. The cells show altered VE-cadherin organization, with junction staining patterns that are broad, wavy, and discontinuous compared with control. F-actin imaging in these cells shows increased staining in the interior of the cell with less staining at cell junctions. Scale bar = 50 µm. (C) Increased VE-cadherin expression.](mbc-29-1693-g008){#F8}

Septin 2--depleted cells showed alterations and discontinuities in the morphology of cell--cell junctions. By surface scanning electron microscopy (Supplemental Figure 6), septin 2--depleted monolayers showed gaps between cells (white asterisks) with spike-shaped filopodial processes protruding above (black arrowheads) and underneath (white arrowheads) neighboring cells. The cells displayed an increased number of prominent linear fibers (black asterisks) in broad flattened cytoplasmic regions, consistent with an increase in F-actin stress fibers, which is described below.

Adherens and tight junctions are found between cells in endothelial monolayers. To assess adherens junctions in septin 2--depleted cells, we examined the distribution of VE-cadherin. In control cells, VE-cadherin appeared as a continuous and relatively thin line at boundaries between cells. Suppression of septin 2 led to alterations of VE-cadherin structure, resulting in these lines becoming broader, wavy, and discontinuous ([Figure 8B](#F8){ref-type="fig"} and Supplemental Videos S1 and S2). In addition, suppression of septin 2 led to an increase in the staining intensity of VE-cadherin at cell junctions by immunofluorescence ([Figure 8B](#F8){ref-type="fig"}) and increased total levels of VE-cadherin by immunoblot ([Figure 8C](#F8){ref-type="fig"}).

###### Video S1

Control cells, with VE-cadherin-GFP. VE-cadherin distribution patterns are largely stable at cell-cell contacts. VE-cadherin-GFP junctional structures dynamically jiggle in place but maintain continuous linear structures. Fluorescence images captured with a 20X objective on a Nikon A1R scanning confocal microscope. Frames collected every 20 s for 1 hr. Video plays at 7 fps.

Video S1

###### Video S2

Septin 2-depleted cells, with VE-cadherin-GFP. VE-cadherin distribution patternsare highly dynamic at cell-cell contacts. VE-cadherin-GFP junctional structures rearrange with rapid movementsover broad and stretched structures with prominent discontinuities. Fluorescence images captured with a 20X objective on a Nikon A1R scanning confocal microscope. Frames collected every 20 s for 1 hr. Video plays at 7 fps.

Video S2

Depletion of septin 2 also changed the arrangement of actin filaments. Control cells showed thick bundles of F-actin at cell junctions, underlying and in association with VE-cadherin. The interior of the cell contained thin actin fibers that were dispersed. On the other hand, septin 2--depleted cells showed decreased staining intensity of the bundles of F-actin at the cell junctions, along with increases in number and staining intensity of F-actin fibers passing through the cytoplasm ([Figure 8B](#F8){ref-type="fig"}).

Tight junction molecules are also components contributing to junctional integrity, in association with F-actin. Therefore, we examined the tight junction protein ZO-1 at cell junctions in septin 2--depleted cells by immunofluorescence staining (Supplemental Figure 7). The pattern and distribution of ZO-1 showed some changes, not nearly as extensive as those for VE-cadherin. The ZO-1 staining intensity was decreased to a small to moderate extent in the septin 2--depleted cells, relative to control. Also, the linear junctional structures showed minor discontinuities that were less prominent than those observed for VE-cadherin.

Live-cell differential interference contrast imaging provided views of membrane protrusions and dynamic membrane remodeling in real time. Control cells showed occasional dynamic membrane ruffles at cell junctions, in association with intact and stable junctions (Supplemental Video S3). In contrast, septin 2--depleted cell membranes showed an increased prominence of retractions, resulting in gaps between cells, coupled with increased protrusions composed of broad and highly dynamic ruffles (Supplemental Video S4). The action of the ruffles appeared to contribute to closing these gaps.

###### Video S3

Control cells. Cell junctions maintain intact and stable contacts during the entire movie. Cell junction membranes are dynamic, moving back and forth, with occasional ruffles. DIC images captured with a 20X objective on a Nikon A1R scanning confocal microscope. Frames collected every 20 s for 1 hr. Video plays at 7 fps.

Video S3

###### Video S4

Septin 2-depleted cells. Junctional contacts between cells are frequently lost, with the formation of gaps between cells. Gapsare sealed by protrusions with ruffles. DIC images captured with a 20X objective on a Nikon A1R scanning confocal microscope. Frames collected every 20 s for 1 hr. Video plays at 7 fps.

Video S4

Barrier function of the endothelium
-----------------------------------

The endothelium is an important barrier between the circulation and tissues and cell--cell junctions are an important determinant of the strength of the barrier. VE-cadherin and actin filaments are known to play important roles in endothelial cell junction integrity ([@B30]; [@B32]). Accordingly, we asked whether septins are also important for the barrier function of the endothelium. The inflammatory mediator TNF-α activates endothelial cells, leading to a decrease in barrier integrity and a subsequent increase in transmigration of leukocytes. Therefore, we assessed the effects of the loss of septins on barrier integrity, and we compared those effects with the effect of TNF-α treatment.

First, we confirmed that TNF-α treatment of an endothelial monolayer, composed of HDMVECs, led to alterations in the arrangement and organization of VE-cadherin and F-actin ([Figure 9A](#F9){ref-type="fig"}, rows 1 and 4). These effects of TNF-α were similar to those resulting from loss of septin 2 ([Figure 9A](#F9){ref-type="fig"}, rows 2--4). TNF-α treatment also decreased the level of septin 2 accumulation at cell junctions, assessed by the fluorescence intensity of the stained preparations ([Figure 9A](#F9){ref-type="fig"}, row 4). The level of septin 2 staining intensity in TNF-α--treated cells was similar to that observed with shRNA-induced depletion of septin 2. The combination of TNF-α treatment with suppression of septin 2 showed a small or no additive effect ([Figure 9A](#F9){ref-type="fig"}). These results raise the possibility that the effects of TNF-α on VE-cadherin and F-actin at cell junctions were mediated by decreased levels of septin 2.

![Decreased endothelial monolayer integrity in response to septin 2 depletion and TNF-α treatment. Endothelial cells (HDMVECs) expressing shRNAs targeting septin 2 and treated with TNF-α. (A) Immunofluorescence staining of endogenous septin 2 and VE-cadherin, with fluorescent phalloidin staining for F-actin of endothelial cell monolayers. Scale bar = 5 µm. Control cells, expressing shControl RNA, are shown in the top set of three panels, while the middle and bottom sets of panels show cells expressing two different shRNAs targeting septin 2. Cells were treated with TNF-α in the bottom set of panels and not the top set. TNF-α-treated cells show less septin 2 at cell junctions, with alterations of VE-cadherin and F-actin at cell junctions. These effects are similar to those caused by decreased septin 2. (B) Decreases in TEER in cells treated with TNF-α and with shRNAs targeting septin 2. Within each of 11--14 independent experiments, TEER values were normalized to 1 for shRNA control cells not treated with TNF-α. Treatment with TNF-α and shSeptin 2 knockdown decreased TEER values to ∼70% of control. The combination of TNF-α with shSeptin 2 decreased the TEER values slightly further, to approximately 50--60% of control. The horizontal bar is the median of the values, and the error bars represent the 95% C.I. from the median. Statistical significance at a *p* \< 0.0001 was found, by parametric *t* tests and nonparametric Mann--Whitney tests for all of the following pairwise comparisons: Untreated shControl vs. untreated shSeptin 2 \#1 and \#2; untreated shControl vs. treated shControl; and treated shControl vs. treated shSeptin2 \#1 and \#2. (C) Transendothelial migration by NK cells, scored as individual events from movies. Septin 2 shRNA expression led to increased levels of transendothelial migration compared with control. The results come from three independent experiments performed on different days, with each experiment as a different color: black, green, and blue. The absolute values differed among the three days, but the relative changes were similar. In each case, loss of septin 2 was associated with increased transendothelial migration.](mbc-29-1693-g009){#F9}

Next, we assessed monolayer barrier integrity by measuring transendothelial electrical resistance (TEER) across the monolayer. TEER values in septin 2--suppressed cell monolayers were decreased to values that were ∼70% of those for control monolayers ([Figure 9B](#F9){ref-type="fig"}). TEER values also decreased in TNF-α treated cells to a level of ∼75% of control. In both cases, the differences were statistically significant with *p* \< 0.0001. The combination of septin 2 suppression with TNF-α treatment led to a slightly further decrease in TEER values to ∼50% of control. The smaller differences between the effects of single and double treatments (i.e., TNF-α and septin 2 suppression) were also statistically significant, with *p* \< 0.001. Thus, the effects of septin 2 depletion on TEER values mirrored the effects on VE-cadherin and F-actin distribution.

As an independent measure of endothelial barrier integrity, we assayed the transmigration of natural killer (NK) cells across the endothelial monolayers, based on direct visualization of living cells in time-lapse videos (Supplemental Videos S5--S7). A round NK cell moving across the surface would stop moving and then migrate through and underneath the monolayer, where the NK cell would flatten between the monolayer and the substrate and then begin to migrate again. The change in morphology of the NK cells before and after transmigration facilitated scoring the events by direct visualization. The percentage of cells undergoing transendothelial migration (TEM) increased in septin 2--suppressed HMDVECs compared with control ([Figure 9C](#F9){ref-type="fig"}). In independent experiments on different days with different primary cells, the baseline level of TEM for control cells differed; however, in each case, both of the two shRNAs targeting septin 2 consistently led to increases in the percentage of NK cells undergoing TEM. We suspect that the differences between experiments were most likely due to differences in the primary HDMVECs, which are derived from different sources and which change over time with passage in culture.

###### Video S5

TEM of NK cells on a monolayer of control HDMVECs. NK cells move about the surface of the monolayer, adhere, penetrate and then move underneath the monolayer. Some NK cells undergo TEM. Arrows in the first frames indicate examples of cells that undergo TEM. DIC images captured with a 10X objective on an Olympus widefield microscope every 20 s for 1 hr. Video plays at 7 fps.

Video S5

###### Video S6

TEM of NK cells on a monolayer of septin 2-depleted HDMVECs. Otherwise similar to Video 5.

Video S6

###### Video S7

TEM of NK cells on a monolayer of septin 2-depleted HDMVECs. Otherwise similar to Video 5.

Video S7

DISCUSSION
==========

In this study, we discovered that septins are important for the proper assembly, dynamics, and stability of cadherin-based cell junctions between endothelial cells in a monolayer. Septins are also important for the integrity of the barrier function of the endothelial monolayer, based on their role in support of cell junctions.

Septin filament assembly and organization
-----------------------------------------

Microvascular endothelial cell--cell contact sites are not static structures; the membranes and the adhesions constantly undergo dynamic remodeling. Local effects of septins on membrane protein composition, curvature, and rigidity can affect membrane shape and protrusive activity. Septin filaments are known to elongate at both ends and to bend at a certain length (median persistence, 12 µm) ([@B9]). Curved septin filaments associate with membranes of positive curvature, with curvature values ranging from 0.31 to 6.67 µm^--1^ ([@B8]). Here we found that endogenous septins were enriched at regions of cell--cell contact where the plasma membrane displayed positive curvature; the curvature values ranged from 1.0 to 4.2 µm^--1^. We also observed septins in lesser amounts at regions of the plasma membrane without curvature. Together, our results are consistent with studies of septin association with membranes, both in vitro and in cells ([@B9]).

Assembly and dynamics of VE-cadherin--based cell junctions
----------------------------------------------------------

We found that suppression of septin 2 dramatically altered the organization of VE-cadherin at cell--cell contact sites, and this was associated with a decrease in junctional integrity of human microvascular endothelial monolayers. Both septins and cadherin were enriched at sites of cell contact, but their localization patterns showed distinct differences. Superresolution light microscopy, with a careful examination of *z*-axis focal planes, was important to reveal these differences because the endothelial monolayer specimens were very thin. At cell contacts, septins could be observed below cadherin-based junctions, in cases where the contact region was sufficiently thick to permit *z*-axis resolution.

Actin-based lamellipodia are a prominent feature of endothelial cell junctions, and their assembly depends on Arp2/3 complex ([@B34], 2015). Branched actin networks have been proposed to push membranes of adjacent cells toward each other to promote VE-cadherin interactions ([@B16]). "Junction-associated intermittent lamellipodia" have been found to be important for cadherin-based cell junction formation during angiogenesis ([@B10]). Here we found lamellipodial protrusions to be very thin and to extend above or below the neighboring cell; loss of septin 2 led to increased prominence of filopodial protrusions, gaps between cells and F-actin stress fibers in the cytoplasm, based on electron microscope images of surface and cross-section views.

In previous work on the role of cytoskeleton-associated proteins in VE-cadherin and junctional integrity, we found that two Arp2/3 complex nucleation-promoting factors, WAVE2 and N-WASp, regulated the junctional integrity of microvascular endothelial monolayers as measured by TEER ([@B34], 2015). Surprisingly, the two Arp2/3 regulators had opposing effects. WAVE2 depletion decreased the level of VE-cadherin and disrupted the organization of VE-cadherin at cell--cell contacts, and this was accompanied by decreases in junctional integrity. In contrast, N-WASp depletion led to increased junctional integrity, coupled with a broadening of the cadherin-distribution at cell--cell contact sites but without a loss of cadherin accumulation. We proposed that the two Arp2/3 regulators played different roles; WAVE2 in promoting lamellipodial protrusions and early cell--cell contacts and N-WASp in promoting maturation or turnover of cellular junctions.

Interestingly, here we observed that the effects of septin 2 depletion on VE-cadherin at cell junctions and junctional integrity appears to be a combination of the phenotypes of WAVE2 and N-WASp depletion. Both WAVE2 and septin 2 depletion led to a decrease in barrier function and junctional integrity, as measured by TEER and loss of VE-cadherin expression. However, septin 2 depletion also led to a broader, discontinuous, and wavy distribution of VE-cadherin at cell junctions, similarly to what was observed for N-WASp depletion. We conclude that the cellular actions of septins are critical for the proper organization and level of VE-cadherin at endothelial cell junctions.

Potential cellular mechanisms
-----------------------------

The mechanism by which septin 2 regulates junctional integrity and VE-cadherin organization remains to be defined. On the basis of our results here and in previous studies, we speculate that septin-based assemblies act as support and stabilizers for F-actin--based protrusions that form by membrane-associated actin assembly. We found curved septin 2 structures predominantly in areas of protruding plasma membrane. Septins have been observed in association with filopodial and lamellopodial protrusions, the formation and retraction of which depend on actin assembly and disassembly ([@B26]; [@B42]; [@B22]; [@B35]). Septins at regions of positive curvature at the base of protrusions may promote the extension of the protrusion by providing structural support, and they may inhibit or limit the progression of retraction of protrusions by acting as a structural barrier.

Septins have been found to play interactive roles with actin and microtubule networks as part of the regulation of cellular processes in other settings ([@B26]; [@B23]; [@B35]). Here we observed control HDMVECs to have thick actin filament bundles at cell junctions; septin 2 depletion led to a thinning of these bundles with increased appearance of thin F-actin bundles in the form of a loose network dispersed about the cytoplasm. These results are consistent with a coordinated action of septin and F-actin in the processes of local membrane remodeling.

Summary and conclusions
-----------------------

Endothelial cells have septins associated with their plasma membrane, and septins accumulate at regions of positive curvature in association with cell junctions. Septins are important for cadherin-based cell junctions, and therefore for the integrity of the barrier function of the endothelial monolayer. Septin arrays may function as mechanical support for actin-based protrusions, which are known to be important for the assembly and stability of cadherin-based cell junctions.

MATERIALS AND METHODS
=====================

Cells and cell culture
----------------------

Primary HDMVECs from neonates were obtained from Lonza (Walkersville, MD) and cultured in Microvascular Endothelial Cell Growth Medium-2 (EGM-2MV) medium from Lonza (Walkersville, MD). Primary HBMVECs were obtained from ScienCell Research Laboratories (San Diego, CA) and cultured in endothelial cell medium from ScienCell Research Laboratories (San Diego, CA). For experiments, these primary cells were used between passages 3 and 8.

Natural killer-92 (NK-92) cells were obtained from the American Type Culture Collection (Manassas, VA) and cultured in alpha-MEM with 12.5% horse serum and 12.5% fetal bovine serum (FBS), 2 mM [l]{.smallcaps}-glutamine and 1.5 g/l sodium bicarbonate, 0.2 mM inositol, 0.1 mM 2-mercaptoethanol, 0.02 mM folic acid supplemented with 10 U/ml Interleukin-2 (IL-2). HEK293T cells were grown in DMEM containing 10% FBS and 1% streptomycin/penicillin.

Antibodies and reagents
-----------------------

A monoclonal mouse anti-human VE-cadherin antibody (clone 55-7H1) was obtained from BD Biosciences (San Jose, CA), and polyclonal rabbit anti-human septin 2, 7, and 9 antibodies were obtained from Sigma Life Science Prestige Antibodies (St. Louis, MO). A monoclonal mouse anti-ZO-1 antibody (clone ZO-1 1A12) was obtained from Invitrogen (Rockford, IL). A monoclonal mouse anti-human GAPDH (clone 6C5), used as an internal loading control, was obtained from Abcam (Cambridge, MA). Anti-GFP mouse monoclonal antibody (9F9.F9) and anti-RFP rabbit polyclonal antibody preadsorbed were obtained from Rockland Immunochemicals (Limerick, PA). Secondary antibodies and phalloidin conjugated with fluorescent Alexa dyes and secondary antibodies conjugated with horseradish peroxidase were obtained from Molecular Probes ThermoFisher (Eugene, OR) and Sigma-Aldrich (St. Louis, MO), respectively.

Tumor necrosis factor alpha (TNF-α) was obtained from Life Technologies ThermoFisher (Gaithersburg, MD), and fibronectin was obtained from Sigma-Aldrich. Interleukin-2 was obtained from GenScript (Piscataway, NJ). Prolong Gold anti-fade solution was obtained from Molecular Probes ThermoFisher. SuperScript III First-Strand Synthesis System for reverse transcription-PCR (RT--PCR) and T4 DNA Ligase were obtained from Invitrogen Life Technologies (Carlsbad, CA). PfuTurbo DNA polymerase was obtained from Agilent Technologies (Santa Clara, CA).

Nucleic acid reagents
---------------------

Two shRNA oligonucleotides targeting septin 2 and one shRNA oligonucleotide targeting LacZ, to serve as a control, were obtained from the McDonnell Genome Institute at Washington University in St. Louis. The septin 2 shRNA oligonucleotides were GCCCTTAGATGTGGCGTTTAT (508-528, oligo \#1, pBJ2457) and CCCAGGACCTTCATTATGAAA (872-892, oligo \#2, pBJ2458). The LacZ shRNA oligonucleotide was CGCGCCTTTCGGCGGTGAAAT. shRNAs targeting septin 7 (TRCN0000322631, oligo \#1, pBJ2460, and TRCN0000146634, oligo \#2, pBJ2461) and septin 9 (TRCN0000119068, pBJ2462) from the MISSION shRNA collection were obtained from Sigma Aldrich.

To create a lentiviral plasmid expressing human septin 2, total RNA was isolated from HDMVECs and cDNA was synthesized using SuperScript III First-Strand Synthesis System for RT--PCR (Life Technologies). The septin 2 coding region was PCR amplified with primers containing *Age*I and *Xba*I restriction sites. The amplified PCR product was subcloned into the pBOB-GFP (pBJ2464, gift of George Bloom, University of Virginia, Charlottesville, VA) and pBOB-tdTomato (pBJ2465) lentiviral plasmids.

To create a lentiviral plasmid expressing fluorescent human VE-cadherin, we obtained mApple-VE-cadherin-N10 from Addgene (cat. no. 54959, Cambridge, MA). The VE-cadherin coding region was PCR amplified with primers containing *Age*I and *Xba*I restriction sites, and the PCR product was subcloned into the pBOB-GFP lentiviral plasmid ([@B29]).

Lentivirus production and infection
-----------------------------------

Lentiviruses were produced using a third-generation system with conditional packaging ([@B15]). Briefly, HEK293T cells were grown in 150-mm dishes and transfected with two packing plasmids, pRRE (10.9 µg, Gag and Pol) and pRSV-REV (4.12 µg, Rev), an envelope plasmid pMD2.G (6 µg, VSV-G), and a transfer plasmid including shRNA or cDNA (7.5 µg). After 1 d, culture medium was replaced with DMEM containing 30% FBS. After 2 more days, the medium containing lentiviruses was collected, filtered with 0.45-µm-pore--sized membranes (EMD Millipore, Billerica, MA) and concentrated by ultracentrifugation at 20,000 rpm at 4°C for 2 h.

HDMVECs grown in six-well plates were incubated with lentivirus carrying shRNA-expressing plasmids targeting septin genes in culture medium with 1 µg/ml protamine sulfate for 1 d and then placed into fresh medium. For live-cell imaging and immunofluorescence staining, cells were transferred to 14-mm glass-bottom dishes (MatTek Corp., Ashland, MA) and cultured for an additional 3 d. Ectopic expression of fluorescent VE-cadherin was performed with the same method. To suppress septin 2 expression and express fluorescent VE-cadherin, cells were first incubated with lentivirus carrying shRNA plasmids targeting septin 2 in a six-well plate for 1 d and then transferred to glass-bottom dishes. After the cells settled down, they were incubated with lentivirus carrying plasmids expressing fluorescent VE-cadherin cDNA for 1 d in medium containing 1 µg/ml protamine sulfate. Cells were placed into fresh medium and cultured for another 3 d.

Immunofluorescence staining
---------------------------

Confluent HDMVEC monolayers were fixed by adding an equal volume of 2X fixation solution (5% paraformaldehyde in PIPES \[piperazine-*N*,*N′*-bis(2-ethanesulfonic acid)\] buffer, prewarmed to 37°C) ([@B33]) directly into culture dishes and incubated at 37°C for 10 min. Next, cell samples were permeabilized by incubation with 0.1% Triton X-100 in phosphate-buffered saline (PBS) for 5 min at room temperature (RT). Samples were incubated in blocking buffer (3% bovine serum albumin \[BSA\] in PBS) for at least 30 min, in primary antibodies diluted in blocking buffer overnight at 4°C, and in secondary antibodies conjugated with Alexa fluorescent dyes diluted in blocking buffer for 1 h at RT. Cells were washed with PBS three times after primary and secondary antibody incubations. For phalloidin staining, fluorescent phalloidin was added to the secondary antibody dilution mixture. Samples were mounted with ProLong Gold anti-fade reagent.

Fluorescence imaging was performed with a Nikon A1R resonant scanning confocal system and a Nikon N-SIM structured illumination superresolution microscope system. With the A1R, a 60× objective was used, Z-stacks were collected with a 0.188 µm step size, and images are presented as two-dimensional projections of Z-stacks. With the SIM, a 100× objective was used, Z-stacks were collected with 0.1 or 0.2 µm steps, and images are presented as two-dimensional projections of Z-stacks or as single focal planes.

Electron microscopy
-------------------

We performed scanning electron microscopy (SEM) of whole-culture specimens to visualize the surface of the endothelial monolayer of control and septin 2--depleted HDMVECs. HDMVECs infected with lentivirus were cultured on glass coverslips coated with 15 µg/ml fibronectin until cells reached confluency and formed a monolayer. Cells were briefly rinsed in 0.1 M cacodylate buffer prewarmed to 37°C and then fixed with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer with 2 mM CaCl~2~, pH 7.4, at 37°C. The coverslips were incubated at 37°C for 5 min and then moved to RT for 1 h. Coverslips were rinsed in 0.1 M cacodylate buffer three times for 5 min each, followed by secondary fixation in 1% OsO~4~ in 0.1 M cacodylate buffer for 30 min in the dark. Coverslips were rinsed three times in ultrapure water for 5 min each followed by 2% aqueous tannic acid for 30 min. After another three water washes, the samples were stained in 2% aqueous uranyl acetate for 30 min, briefly water-washed, and then dehydrated in a graded ethanol series (30%, 40%, 50%, 60%, 70%, 80%, 90%, 100% ×2), with 5 min at each step. Once dehydrated, coverslips were loaded into a critical point drier (Leica EM CPD 300, Vienna, Austria) set to perform 12 CO~2~ exchanges at the slowest speed. The dried coverslips were mounted on aluminum stubs with carbon adhesive tabs and sputter-coated with 6 nm of iridium (Leica ACE 600, Vienna, Austria). After coating, the samples were loaded into a FE-SEM (Zeiss Merlin, Oberkochen, Germany) and imaged at 3 keV with a probe current of 300 pA using the Everhart Thornley secondary electron detector.

To visualize cross-sections of cells and cell junctions, we performed transmission electron microscopy of thin sections of plastic-embedded samples. HDMVECs were cultured on plastic (ACLAR) coverslips coated with 15 µg/ml fibronectin, fixed with aldehydes as described above for SEM, rinsed in 0.1 M cacodylate buffer three times for 5 min each and secondarily fixed in 1% ​OsO~4~ with 1.5% potassium ferrocyanide in 0.1 M cacodylate buffer for 1 h in the dark. Coverslips were rinsed three times in ultrapure water for 5 min each, then stained en bloc with 2% aqueous uranyl acetate for 1 h. After a brief water wash, samples were dehydrated in a graded acetone series (50%, 70%, 90%, 100% ×2) with 10 min at each step and then infiltrated into LX112 resin with microwave assistance. Coverslips were then flat embedded between two ACLAR coverslips and polymerized at 60°C for 48 h. The ACLAR coverslips were peeled away from the resin, and small areas were excised and mounted perpendicularly on a blank epoxy stub for cross-sectioning. Sections of 70 nm were cut and imaged on a transmission electron microscope (JEOL JEM-1400 Plus, Tokyo, Japan) at 80 keV.

Live-cell imaging
-----------------

At 4 d postinfection, confluent HDMVECs were used for live-cell imaging. To view membrane protrusions and VE-cadherin dynamics, time-lapse images were collected on a Nikon A1R laser scanning confocal microscope using a 20× objective. Time-lapse images were collected every 20 s for 1 h, with control of temperature at 37°C and CO~2~ at 5% in a stage incubator (Tokai Hit, Fujinomiya, Japan).

Immunoblots
-----------

Confluent HDMVECs were washed with RT PBS and lysed by adding ice-cold 1% NP-40 lysis buffer into culture dishes and incubating on ice for at least 30 min. Cell lysates were harvested by scraping the dish, and they were centrifuged at 13,000 rpm for 15 min at 4°C. The supernatant was incubated with SDS-loading buffer, boiled for 5 min, electrophoresed on SDS--PAGE gels, and transferred to polyvinylidene difluoride membrane (EMD Millipore Corp.) at 90 V for 1 h. The membrane was incubated in blocking buffer (4% BSA in TBST buffer) and then in a primary antibody mixture overnight at 4°C. After washing with PBS, the membrane was incubated in horseradish-peroxidase--conjugated secondary antibodies at RT for 1 h. The membrane was incubated with enhanced chemiluminescence solution for 5 min at RT and developed for autoradiography.

Transendothelial electric resistance
------------------------------------

At 2 d postinfection with lentivirus carrying plasmids expressing septin 2 or control shRNA, HDMVECs were transferred into fibronectin-coated 24 transwell inserts (3 × 10^4^ cells/insert) and grown to form confluent monolayers for approximately 2--3 d. For experiments with TNF-α treatment, cells placed into culture medium with 20 ng/ml TNF-α and incubated overnight; untreated cells were placed into culture medium without TNF-α.

Transendothelial electric resistance (TEER) was measured using an Endohm-6 electrode adapter with an EVOM-2 m (World Precision Instruments, Sarasota, FL). TEER values were calculated by subtracting the resistance values for empty transwell inserts (no endothelial cells) from resistance values for transwell inserts with endothelial cells and then multiplying those values by the surface area of the transwell. The values for experimental samples were calculated as fold changes compared with the average of control samples. Statistical significance was calculated with GraphPad Prism, using parametric unpaired *t* tests and nonparametric Mann--Whitney tests.

Transendothelial cell migration assay
-------------------------------------

At 2 d post--lentivirus infection, HDMVECs were transferred into 14-mm glass-bottom culture dishes (MatTek Corporation, Ashland, MA). After 2--3 d in culture, when the cells achieved confluency, 5 μl of an NK cell suspension (5 × 10^5^ cells/ml) was dropped onto a monolayer. After the NK cells settled down onto the surface of the HDMVEC monolayer, live-cell images were collected using an inverted microscope (Olympus IX-81) with a 10× NA objective, a Hg-lamp light source and a Hamamatsu electron-multiplying charge-coupled device video camera at 20-s intervals for 1 h. Videos were analyzed using ImageJ, transmigration events were counted, and TEM percentage was calculated as the number of transmigrated NK cells divided by the total number of NK cells added.
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